Research on the postnatal development of pancreatic beta-cells has become an important subject in recent years. Understanding the mechanisms that govern beta-cell postnatal maturation could bring new opportunities to therapeutic approaches for diabetes. The weaning period consists of a critical postnatal window for structural and physiologic maturation of rat beta-cells. To investigate transcriptome changes involved in the maturation of beta-cells neighboring this period, we performed microarray analysis in fluorescence-activated cell-sorted (FACS) beta-cell-enriched populations. Our results showed a variety of gene sets including those involved in the integration of metabolism, modulation of electrical activity, and regulation of the cell cycle that play important roles in the maturation process. These observations were validated using reverse hemolytic plaque assay, electrophysiological recordings, and flow cytometry analysis. Moreover, we suggest some unexplored pathways such as sphingolipid metabolism, insulin-vesicle trafficking, regulation of transcription/transduction by miRNA-30, trafficking proteins, and cell cycle proteins that could play important roles in the process mentioned above for further investigation.
Introduction
Pancreatic beta-cells secrete insulin in response to changes in extracellular glucose and other secretagogues and are considered a metabolic milestone involved in regulating not only glucose but also other nutrient levels such as amino acids and lipids in the body. Postnatal development of pancreatic beta-cells has become an important subject of research in recent years not only for the achievement of the capability to differentiate progenitor or reprogramed cells into insulin-secreting cells (Mayhew & Wells 2010 , Schroeder 2012 , Kumar et al. 2014 ) but also to control beta-cell proliferation and maturation as a therapeutic approach in diabetes. Earlier work has suggested that cells that produce and secrete insulin can be generated using a variety of strategies (Sena et al. 2010 , Vetere et al. 2014 . :
These insulin-secreting cells, produced in vitro, have characteristics similar to those of beta-cells, such as insulincontaining granules, and express beta-cell-related genes. However, these cells show a lower glucose-stimulated insulin secretion (GSIS) response or transcriptome differences compared with completely developed, normal beta-cells (D'Amour et al. 2006 , Hrvatin et al. 2014 , Narayanan et al. 2014 .
Previous work in our laboratory demonstrated that the rat islet development shows a critical postnatal window during the weaning period (Aguayo-Mazzucato et al. 2006) . In accordance, it had been proposed that the mature beta-cell phenotype is determined by the capability to secrete robust amounts of insulin in basal conditions (between 4.5 and 5.6 mM glucose) and increase their insulin secretion in a correlated manner with stimulating glucose concentrations (>7 mM) (Hiriart & Aguilar-Bryan 2008) . It has been suggested that the beta-cell maturation process involves changes in expression levels of ion channels related to insulin secretion (Navarro-Tableros et al. 2007b ) and structural changes within the islet per se, and the islet vasculature and innervation (Cabrera-Vasquez et al. 2009 ). Furthermore, recent works had compared neonatal and adult rat beta-cell transcriptomes and observed changes in the expression levels of genes that could be involved in the maturation of the GSIS response. These genes include transcription factors such as MafA and NeuroD1; hormone receptors (Glp1r); glycolysis-, and Krebs cycle-related genes, namely Slc2a2, Pfk1, and Pc; metabolism/use of FAD/FMN-related genes (flavin adenine dinucleotide/ flavin mononucleotide), for instance Fmo5 and Rfk; and mitochondrial shuttles-related genes such as Mdh1/2 and Gpd1/2 , Martens et al. 2014 ). However, it is possible that RNA obtained from microdissected islets could include gene transcripts from non-beta-cells, as shown by immunostaining, to determine the cell composition of rat islets at different ages . Moreover, it has been suggested that analyses based on differentially expressed genes may overlook effects on cellular processes or signaling pathways (Subramanian et al. 2005) . The aim of this work was to determine the physiologic cellular context and the functional changes that could participate in the postnatal maturation process of fluorescence-activated cell sorting (FACS)enriched populations of immature (20d) and mature (adult) rat beta-cells by the assessment of gene-set-based transcriptome analysis.
Materials and methods

Reagents
Reagents were obtained from the following sources: Hank's balanced salt solution (HBSS), ethylene glycolbis [β-aminoethylether] N,N,N′,N′-tetraacetic acid] (EGTA), Ficoll 400, trypan blue, poly-l-lysine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Staphylococcus aureus protein A, and trypsin from Sigma-Aldrich; collagenase P from Roche; DMEM salts, penicillinstreptomycin solution, Ham F10 medium, L-glutamine solution, fetal bovine serum (FBS), and guinea pig complement from Life Technologies; bovine serum albumin lyophilized powder (BSA) from United States Biological (Swampscott, MA, USA).
Animals
The Animal Care Committee of the Instituto de Fisiología Celular, Universidad Nacional Autónoma de México approved all the methods used in this study. Animal care was performed according to the International Guiding Principles for Biomedical Research Involving Animals, Council for International Organizations of Medical Sciences, 2010.
All experiments, except microarray analysis, were carried out in neonatal (1 day postnatal), suckling (20 days old), weaning (28 days old), and young adult (250-280 g) Wistar male rats. Animals were obtained from the local animal facility and kept in a 12 h light:12 h darkness cycle. Rats were breast-fed until postnatal day 20, while weaning and young adult rats were fed with standard rat chow composed by Laboratory rodent diet 5001 (LabDiet, St. Louis, MO, USA) since postnatal day 21. Neonatal and suckling rats were fasted 4 h, and weaning and adult rats were fasted 12 h before experiments.
Islet cell culture
Before dissection, rats were anesthetized with an intraperitoneal sodium pentobarbital (40 mg/kg) injection. After surgery, animals were killed by cervical dislocation.
Pancreatic insular cells were obtained following a previously described procedure (Aguayo-Mazzucato et al. 2006) . Briefly, pancreatic islets were obtained by collagenase digestion (0.5 mg/mL collagenase P) in Hank's balanced salt solution, Ficoll gradient centrifugation (for neonatal islets), and clean-islet handpicking (for suckling, weaning, and adult islets). Insular cells were dissociated by incubating islets in a calcium-free solution with 5.6 mM glucose, 0.5% BSA, and 3 mM EGTA (ethylene glycol-bis(β-aminoethylether) N,N,N′,N′tetraacetic acid) for 5 min at 37°C in a shaking bath, and 5 min more after trypsin addition (final concentration 0.01%), followed by mechanical disruption. Dissociation was stopped when 50-60% of the cells were observed as single-cell units.
Purification of single beta-cells by FACS
Before FACS, insular cells were incubated in DMEM supplemented with 0.05% BSA, 200 U/mL penicillin G, and 200 μg/mL streptomycin for 45-60 min at room temperature, and filtered through a 70 μm nylon screen to remove large clumps.
Insular cells were washed in isolation medium (123 mM NaCl, 1.8 mM CaCl 2 , 0.8 mM MgSO 4 , 5.4 mM KCl, 1 mM NaH 2 PO 4 , 2.8 mM glucose, 4.2 mM NaHCO 3 , 10 mM HEPES, 0.5% BSA, 200 U/mL penicillin G, and 200 μg/mL streptomycin) and sorted using an FACSAria I (Beckton Dickinson) (with blue/red lasers). Purified betacells were received and cultured in Ham F10 medium supplemented with 10% fetal bovine serum, 200 μM l-glutamine, 200 U/penicillin G, 200 mg/mL streptomycin, and 0.5 mg/mL amphotericin.
The sorting strategy consisted in gating singlet events in the FSC-H/FSC-A plot; then, gating cells with high autofluorescence at 510-550 nm wavelength in a FITC-A/FSC-A plot; and finally, selecting cells with high SSC in an SSC-A/FITC-A plot (Fig. 1A) . 
Immunofluorescence, purity yield and proliferation assessment
FACS-isolated beta-cells were seeded in previously poly-llysine-covered coverslips and cultured for 12 h at 37°C and 5% CO 2 . Cells were fixed with 2% paraformaldehyde in PBS for 45 min at room temperature, rinsed with PBS, and permeabilized with a blocking-permeabilizing solution containing 2% goat serum and 0.1% Triton X (vol/vol) for 30 min at room temperature, and incubated overnight at 4°C with primary guinea pig antibody anti-insulin at 1:5000 dilution. The next day, cells were incubated for 2 h with a DyLight 483-conjugated (Jackson ImmunoResearch) or Alexa 649-conjugated (Jackson ImmunoResearch) goat anti-guinea pig IgG antibody (1:200 dilution) at room temperature, and incubated for 10 min in Hoechst 33342 (Sigma-Aldrich) solution for nuclear counterstaining. Finally, samples were mounted with medium containing 15 mM NaN 3 (DAKO). We omitted the incubation with the primary antibody for negative controls.
To analyze proliferation, primary cultured beta-cells from suckling and adult rats were seeded in poly-l-lysinecovered coverslips and cultured for 12 h at 37°C and 5% CO 2 . Cells were fixed with 2% paraformaldehyde in PBS for 30 min at room temperature, rinsed with PBS, and permeabilized with a blocking-permeabilizing solution containing 10% goat serum, 0.3 M glycine, 1% bovine serum albumin, and 0.1% Tween (vol/vol) for 1h at room temperature, and incubated overnight at 4°C with primary rabbit anti-Ki67 (ab15580) and primary guinea pig antibody anti-insulin at 1:100 and 1:5000 dilutions, respectively. The next day, cells were incubated for 1 h with an FITC (Jackson ImmunoResearch) goat anti-rabbit IgG antibody (1:100 dilution) at room temperature, rinsed with PBS, and incubated for 1 h with Alexa 649-conjugated goat anti-guinea pig IgG antibody (1:200 dilution) at room temperature. Finally, cells were incubated for 10 min in Hoechst 33342 solution for nuclear counterstaining and mounted with medium containing 15 mM NaN 3 (DAKO). Negative controls were done omitting the incubation with the primary antibodies. Positive controls were done using human cervical cancer cells (SiHa).
For imaging of specific immunoreactivity, cultured beta-cells were viewed under an epifluorescence microscope (Olympus IX7I) equipped with a 100 W mercury lamp and a filter set appropriate for Hoechst 33342 (excitation/emission wavelengths 365/440 nm), FITC (excitation/emission wavelengths 488/510 nm), and Alexa 647 (excitation/emission wavelengths 586/647 nm). Samples were observed with a 20× objective and a 1.63 zoom. Digital images were acquired with a cooled CCD digital camera (Evolution Media Cybernetics, Silver Spring, MD, USA). Exposures were chosen for the range of fluorescence intensities of each sample. Images were acquired with Image-Pro Express 2.0 software (Media Cybernetics, Silver Spring, MD, USA) and stored in TIFF image format. The beta-cell purity yield was determined by quantifying the insulin-positive cells/total cells relation, and proliferation was determined by quantifying Ki67 positive cells/insulin cells relation with ImageJ NIH, USA, software (http://rsb.info.nih.gov/ij).
RNA extraction, chip hybridization, and microarray data analysis
Total RNA was extracted using RNeasy Micro Kit (Qiagen) from three independent biological replicates per condition, each consisting of an FACS-isolated beta-cell pool obtained from four young adult or six suckling Wistar rats. Quality control was assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies), taking RIN > 6.4; 200 ng total RNA were labeled and hybridized onto Affymetrix Rat GeneChip Gene 1.0 ST arrays according to manufacturer's instructions, and approximately 16,000 (according to the product data sheet) gene expression levels were obtained. Microarray data were preprocessed using R/Bioconductor software (Gentleman et al. 2004) . Background correction, data normalization, and expression calculation were obtained by robust microarray average (RMA) method. Data have been deposited in a MIAME-compliant database (GEO series accession number GSE76969).
Expression data were assessed using gene set enrichment analysis (GSEA) to identify functionally related groups of genes (gene sets) with statistically significant enrichment at each age. Briefly, the data expression profiles from samples of both ages were ranked based on the correlation between their expression and the age distinction, and finally, determining if the members of each a priori defined set of genes are randomly distributed or primarily found at the top or bottom (Subramanian et al. 2005) .
In addition, differential expression between both ages was analyzed using the R/Bioconductor package limma (Gentleman et al. 2004 ). A linear model fit was used, and differentially expressed genes were selected using a cutoff of B-statistic >0, and absolute log2 fold-change >1.5.
Reverse hemolytic plaque assay for insulin (RHPA)
Approximately, 1000 or 2000 FACS-isolated beta-cells were seeded in Cunningham chambers previously treated with poly-l-lysine and incubated for 12 h at 37°C and 5% CO 2 in Ham F10-supplemented medium. Before the experiment, cells were incubated for 45 min at 37°C and 5% CO 2 in Hank's balanced salt solution 5.6 mM glucose; and 0.5 % BSA. A volume of 300 μL of a Staphylococcus aureus protein A-coated sheep erythrocytes (1:15 dilution), guinea pig insulin antiserum (1:50 dilution), and guinea pig complement (1:200 dilution) in HBSS solution with 5.6 mM glucose or 15.6 mM glucose were added to Cunningham chambers and cells were incubated for 2 h at 37°C and 5% CO 2 . Insulin release was revealed by the presence of hemolytic plaques around cells, which result from the complement-mediated lysis of erythrocytes bearing insulin-anti-insulin complexes bound to protein A.
Each coverslip was scanned with a Leica Micro Dissection System 6000 (version 6.4.1.2887) coupled to a Hitachi HV-D20 camera, and the immunoplaque areas of single cells were measured using ImageJ NIH, USA, software (http://rsb.info.nih.gov/ij).
At least three independent experiments were performed by duplicate and an average of 100 cells was analyzed per experimental condition in each culture.
Cell cycle analysis by flow cytometry
Cultured insular cells were fixed with 2% paraformaldehyde in PBS for 45 min at room temperature, centrifuged and rinsed with PBS twice. After incubating with a blocking-permeabilizing solution containing 2% goat serum and 0.1% Triton X (vol/vol) for 10 min at room temperature, cells were incubated overnight at 4°C with primary guinea pig insulin antiserum at 0.8 μL/10 6 cells dilution. The next day, cells were incubated for 2 h with a DyLight 483-conjugated (Jackson ImmunoResearch) goat anti-guinea pig IgG antibody (1:200 dilution) at room temperature, and incubated for 1 h at room temperature in 1 mL DAPI (4′,6′-diamidino-2-phenylindole) solution (1 μg/mL) in order to label double-stranded DNA. The DNA content of insulin-positive single cells was acquired by an Attune Acoustic Focusing Cytometer (Life Technologies) (with blue/violet lasers), and between 10,000 and 20,000 cells were analyzed with MODFIT software (Verity Software House, Topsham, ME, USA).
Electrophysiology
Whole-cell configuration of the patch-clamp technique (Hamill et al. 1981 ) was used to record macroscopic voltagegated Ca 2+ currents in isolated beta-cells from suckling (20 days old) and adult rats. Recordings were done at room temperature and using an Axopatch 200A amplifier (Axon Instruments). Patch pipette was pulled from Kimax-51 capillary tube (Kimble Glass, Rockwood, TN, USA) and with resistance of 2-4 MOhms when filled with internal solution. Pipette tips were coated with dental wax to reduce pipette stray capacitance. After stable giga-seals were obtained, capacity transients of the pipette were canceled and total cell capacitance was determined by digital integration with +10 mV pulses; series resistances were compensated using the internal voltage clamp circuitry. Remaining linear capacity transients and leakage currents were subtracted by a P/2 online procedure. Pulse generation and data acquisition were performed with PClamp software version 8 (Axon Instruments).
The external solution consisted of (in mM) 130 NaCl, 5 KCl, 10 HEPES, 2 MgCl 2 , 5 CaCl 2 , 10 glucose, and 100 nM TTX, pH 7.3. The internal solution contained (in mM) 120 CsAsp, 10 CsCl, 5 CsF, 10 HEPES, 2.5 BAPTA, and 2 ATP, pH 7.3.
The ramp protocol used for the analysis consisted of a depolarizing pulse of 480 ms duration, from −120 to 120 mV, from a holding potential of −80 mV. Graphs show current-voltage relationship between −80 and 60 mV.
Finally, we analyzed macroscopic calcium currents of primary cultured beta-cells with capacitances between 4.5 and 11 pF (n = 64 for 20d cells; n = 40 for adult cells).
Statistical analyses
All data are reported as the mean ± s.e.m; n denotes the number of animals analyzed. The statistical significance for P value <0.01 was obtained with the one-way analysis of variance (ANOVA) and for P value <0.05 with the t-student test (Prism 6 for Windows Version 6.01; GraphPad Software).
Results
Morphologic and cytometric characteristics of beta-cells from different postnatal ages allow their enrichment by fluorescence-activated cell sorting
To obtain beta-cell-enriched populations, pancreatic insular cells cultured from neonatal (Neo), suckling (20d), weaning (28d), and adult (Ad) rats were submitted to FACS. After using a strategy based on the beta-cell morphologic characteristics, for instance, FSC, FAD/FADH content, and SSC for cells of all the studied ages ( Fig. 1A ; Materials and methods), cell sorting resulted in the recovery of beta-cell-enriched populations when assessed by immunofluorescence (near to 80 and 90% of purity when immature and mature cells were used, respectively) Research c larqué and others Functional maturation of rat beta-cells 57 1 : 50 Research 57 1 :
( Fig. 1B and C) . Interestingly, we observed that the beta-cell FAD/FADH content of neonatal, suckling, and weaning rats did not display an important difference, compared with other islet cells. However, beta-cells of adult rats showed higher FAD/FADH content than the remaining islet cells ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article).
Beta-cell physiologic context during postnatal development depicted by transcriptome analysis using gene set enrichment analysis (GSEA)
In prior work, our research group showed that the weaning period represents a critical window for postnatal, pancreatic development (Aguayo-Mazzucato et al. 2006 ). We performed a microarray analysis of total RNA from immature and mature beta-cells (from 20d and adult rats) to determine the transcriptome changes involved in their maturation process. An initial assessment of the global gene expression showed a high correlation among samples from the same condition ( Fig. 1D) . We next performed a GSEA and a leading-edge analysis to identify (1) the functional gene sets correlated with the postnatal developmental stage of animals and (2) the core genes of those sets. GSEA yielded a list of 155 gene sets from the Molecular Signatures Database (MSigDB), including 40 gene sets from the Reactome pathway database and 64 gene sets from the Gene Ontology (GO) collection with a positive enrichment score (Table 1) , and also 1055 that include 165 gene sets from the Reactome pathway database and 163 gene sets from GO collections with a negative enrichment score ( Table 2 ). All of them showed a false discovery rate lower than 25% and P < 0.05 ( Supplementary Table 1 ).
Notably, five of the top positively enriched Reactome sets consisted of genes related to beta-cells, which include:
(1) regulation of gene expression in beta-cells (NES = 2.07), (2) regulation of insulin secretion (NES = 1.94), (3) integration of energy metabolism (NES = 1.87), (4) GABA synthesis, release, reuptake, and degradation (NES = 1.85), and (5) regulation of beta-cell development (NES = 1.80) ( Table 1 top) .
On the other hand, the top positively enriched GO sets consisted of genes related to ion channel activity that include: (1) calcium channel activity (NES = 2.23), (2) voltage-gated calcium channel activity (NES = 2.14), (3) voltage-gated cation channel activity (NES = 2.10), and (4) voltage-gated channel activity (NES = 2.07) ( Table 1 bottom). Furthermore, both the negatively enriched Reactome and GO gene sets consisted of genes related to cell proliferation (Table 2 ).
In addition to GSEA, we performed an analysis to obtain the genes with differential expression, and we found that 438 transcripts were upregulated in adult betacells and 778 were higher in 20d beta-cells (Materials and methods and Supplementary Table 2 ). Differential expression analysis confirmed the results observed in the studies above. Some differentially expressed genes included adult upregulated genes such as those involved in controlling beta-cell-specific gene expression and metabolism-insulin secretion coupling (Wang et al. 2007 ) such as MafA, Glp1r, Aplp2, Gabbr2, and 20d upregulated genes with a critical role in cell cycle regulation such as Ccna2, Ccnb1, and Ccnb2. Moreover, we found upregulation of genes that had been suggested to be involved in beta-cell maturation, which include Slc2a2 (Navarro-Tableros et al. 2007a) and Ucn3 (Blum et al. 2012 , van der Meulen et al. 2012 , and others such as Gcgr, Pcsk1, Igf1, Egfr, and Kcnb2.
Beta-cell transcriptome changes outline basal and GSIS maturation during postnatal development
The leading-edge analysis of the top enriched sets, namely the Reactome regulation of insulin secretion and integration of energy metabolism, showed that genes that significantly contributed to their enrichment signal also consisted of genes related to beta-cell identity and function ( Fig. 2A and Table 3 ). To confirm the transcriptomic changes related to maturation of insulin secretion and integration of energy metabolism, basal and stimulated (glucose 5.6 and 15.6 mM) GSIS of single FACS-sorted beta-cells was assessed using RHPA (Fig. 2B ). We observed that weaning and adult beta-cells secreted high basal levels of insulin. This basal secretion was represented by a 1.5fold increase in the immunoplaque areas compared with suckling (20d) beta-cells, when exposed to basal glucose concentrations (5.6 mM) ( Fig. 2B and C left panel) . In addition, stimulating glucose concentrations did not produce changes on insulin secretion by neonatal betacells. However, suckling (20d), weaning (28d), and adult beta-cells showed a 1.3-, 1.2-, and 1.5-fold increase in insulin secretion, respectively ( Fig. 2B and C right panel) . Furthermore, the level of the response was correlated with the postnatal developmental stage of cells.
T-type calcium channels, among others, could participate in beta-cell maturation
It has been observed that voltage-gated calcium channels activity underlies insulin exocytosis and probably also contributes to the beta-cell maturation process Columns represent the name and size of the gene set; the normalized enrichment score (NES), the nominal P value (NOM P value), the false discovery rate q value (FDR q value), the family-wise error rate (FWER P value), the position in the ranked list at which the maximum enrichment score occurred (RANK AT MAX), and the statistics used to define the leading-edge subset (LEADING EDGE). Research c larqué and others Functional maturation of rat beta-cells 57 1 : 52 Research 57 1 : Detailing its position, the score used to position the gene, and the enrichment score at this point in the ranked list of genes within the beta-cell dataset. Columns represent the gene symbol, the name of the gene, the position of the gene in the ranked list of genes, the score used to position the gene in the ranked list, and the enrichment score at this point in the ranked list of genes.
( Navarro-Tableros et al. 2007b) . We considered the top enriched GO gene sets (Table 4 ) further to investigate the phenotype correlation of the Cacna1h gene with maturation ( Fig. 3A) . We performed whole-cell recordings of macroscopic calcium currents from cultured, immature (20d), and mature (adult) beta-cells. Both immature and mature cells showed T-type calcium currents, within the expected membrane potential interval, from −40 to −10 mV ( Fig. 3B ) (Materials and methods). Furthermore, we observed that 85% of adult beta-cells showed T-type calcium currents compared with 59% of 20d beta-cells (Fig. 3C ).
Acquisition of a mature beta-cell phenotype involves the loss of replicative capabilities
As shown in Table 2 , the Reactome and GO databases' bottom-enriched sets are related to cell proliferation. Thus, we first assessed beta-cell proliferation from suckling rats by Ki67 immunofluorescence and observed a low proliferation rate (data not shown). However, the leading-edge analysis results consisted of genes related to cell cycle progressions such as E2F1, Tp53, Ccna2, and Ccnb1 (Fig. 4A top panel and Table 5 ). Moreover, some of these core genes showed changes in their expression levels ( Fig. 4A lower panel) . Accordingly, with these results, we investigated the distribution of the cell cycle phases within suckling, weaning, and adult beta-cells by flow cytometry (Fig. 4B) . We observed, on one hand, that the proportion of adult beta-cells at G1 cell cycle phase (87.9%) was higher compared with suckling (20d) and weaning (28d) beta-cells (79.1% for both). On the other hand, the percentage of weaning (28d) and adult betacells at S phase (2.12 and 0.65%, respectively), and that of adult cells at G2/M phase (11.4%), decreased when compared with suckling (20d) beta-cells (16.1% for G2/M, and 4.6% for S phase of the cell cycle) (Fig. 4C , see asterisks at insets, and Fig. 4D ).
Discussion
Postnatal maturation of pancreatic beta-cells is an important research area due to the increasing interest in the in vitro generation of insulin-secreting cells to treat both type 1 and type 2 diabetes mellitus. Previous works had shown that a physiological critical window that consists of the suckling and weaning periods plays a significant role in rat beta-cell development and lifespan function (Aguayo-Mazzucato et al. 2006 , Cabrera-Vasquez et al. 2009 , Stolovich-Rain et al. 2015 . Research on the development, including the postnatal period, of pancreatic beta-cells could generate significant knowledge to, on one hand, improve the generation of mature insulin-producing cells as a source for diabetes cell-based therapies and, on the other hand, to stimulate in situ beta-cell division to overcome insulin deficiency observed during diabetes. Fluorescence-activated cell sorting is a useful tool to study a wide variety of biological processes in a particular type of cell. In previous work, different research groups used this approach to study beta-cells obtained from adult rats (Pipeleers et al. 1985 , Kohler et al. 2012 and, recently, from neonatal rats (Martens et al. 2014 ). We detailed its place, the score used to position the gene, and the enrichment score at this point in the ranked list of genes within the beta-cell dataset.
Columns represent the gene symbol, the name of the gene, the position of the gene in the ranked list of genes, the score used to position the gene in the ranked list, and the enrichment score at this point in the ranked list of genes.
In the present work, we purified and cultured pancreatic beta-cells from rats between postnatal day 1 and 10 weeks old, isolated by flow cytometry. We observed that the more mature the cells were, the higher the beta-cell purity yield we obtained. This fact could be related to the gradual acquisition of certain morphologic characteristics such as size (FSC), internal complexity (SSC), and autofluorescence (FITC) during early postnatal development, which could probably identify a beta-cell among others within the mature pancreatic islet ( Supplementary Fig. 1 ). For instance, we consider that FACS consists of a valuable tool for culturing enriched beta-cell populations compared with those obtained from primary cultures.
Gene-set, enrichment-based transcriptome analysis provides a large list of curated gene sets that not only shows the top-ranked signaling pathways, functions, or processes that are enriched in a correlated manner with a specific cell phenotype but also allows a comparison with those whose changes during development could contribute the most to the phenotype acquisition. First, we performed a GSEA to outline the gene sets that characterize mature beta-cell physiology. Interestingly, we obtained a list of 155 gene sets that include some that could be expected beta-cell maturity-related sets, such as regulation of gene expression in beta-cells, regulation of beta-cell development, and insulin secretion. Also, we obtained Tables 1, 3, and 4) . Our validation approach confirmed that mature beta-cells contain fully developed secretory machinery and integrate metabolic inputs in a more efficient manner. Recent work had shown that sphingosine kinase 2 (Sphk2) activation and a rise in S1P levels due to glucose stimulation play an important role in GSIS. Thus, further research on this new beta-cell maturityrelated gene set would be needed to assess their role in the beta-cell maturation process (Cantrell Stanford et al. 2012) . Moreover, a different research group had suggested that miR-30 family microRNAs maintain the epithelial phenotype of pancreatic islet cells (Joglekar et al. 2009 ) though it would also be interesting to assess their role in the beta-cell postnatal development and the GSIS. Finally, it has been demonstrated that the molecular machinery of insulin exocytosis in beta-cells consists of a variety of proteins very similar to that observed in synaptic vesicle release (Hou et al. 2009 ). However, the physiologic role of these proteins during beta-cell maturation remains unknown, and further work is needed.
GSEA also yielded a large list of gene sets whose decreased activity could be associated with the loss of a replicating and immature phenotype. We decided to validate these observations using flow cytometry analysis to determine the distribution of the cycle phases within beta-cell populations obtained from suckling, weaning, and adult rats.
A recent work analyzed the cell cycle progression using the Fucci system in transformed fetal human pancreatic beta-cell lines. Their results showed that the induction of advanced differentiation is correlated with the exit from the cell cycle of these cells (Carlier et al. 2014) . Our results showed that immature beta-cells actively transcribe proliferation-related genes and that a higher percentage of beta-cells from suckling and weaning rats could be found at S and G2/M phases of the cell cycle when compared with beta-cells from adult rats. However, the majority of beta-cells at all ages were found at the G1/G0 phase. Although postnatal beta-cell replication and apoptosis have been described before (Scaglia et al. 1997 , Kulkarni et al. 2012 , to our knowledge, this is the first work that analyzes primary cultured rat beta-cell progression among the cell cycle phases during rat postnatal maturation.
Moreover, Annicote and coworkers observed that some canonical cell-cycle-related gene products such as CDK4, pRB, and E2F1 could be involved in the transcriptional regulation of insulin secretion-related genes such as Kcnj11 (Kir6.2, which is a component of the KATP channel). Also, they demonstrated that the CDK4-pRB-E2F1 pathway could be regulated by insulin signaling in mouse pancreatic islets (Annicotte et al. 2009 ). This observation could explain in part why beta-cells from suckling rats show low proliferation rates (tested by Ki67 immunofluorescence, data not shown) despite their high expression of cell-cycle-related genes, indicating that the beta-cells' proliferative capability is inversely correlated with the basal robust insulin secretion and the glucosestimulated insulin secretion functions.
To our knowledge, our lab was the first to propose the weaning period as a critical maturation window of pancreatic development, and suggest that dietary changes in carbohydrates and lipids composition play a highlighting role in GSIS maturation (Aguayo-Mazzucato et al. 2006) . Furthermore, recent work has observed that mice prematurely weaned to a high-fat diet resembling milk showed a lower increase in plasma insulin in response to glucose compared with mice prematurely weaned to a normal chow diet (Stolovich-Rain et al. 2015) . These data point to the leading role of diet over age in the maturation of the beta-cell GSIS.
This work highlights the relevance of the molecular machinery of insulin exocytosis and the cell cycle pathway roles in the maturation process of pancreatic betacells. Moreover, future work to elucidate pathways that could control either the role of these exocytic proteins or the cell cycle proteins will bring new opportunities to expand beta-cell populations to treat diabetes. Research c larqué and others Functional maturation of rat beta-cells 57 1 : 58 Research 57 1 :
